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Abstract
The possible trends for atmospheric carbon monoxide in the next 100 years have been illustrated using a coupled
atmospheric chemistry and climate model driven by emissions predicted by a global economic development model.
Various model runs with different assumptions regarding emissions or model parameters have been carried out to
investigate the impacts of model and emission uncertainties on the predictions. We have found complicated
interactions among emissions, atmospheric chemistry, and climate regarding the distributions and evolution of CO
in the atmosphere. Based on the predicted emissions of methane and carbon monoxide, the model predicts an
increasing trend of carbon monoxide in the next century with a tropospheric mole fraction of CO in 2100 double its
present-day value.
Methane emissions are found to have the most important effect on the future atmospheric CO budget. High
methane emissions cause significant depletion of tropospheric OH, increase of CO concentrations, and lengthening
of lifetimes of many chemical species including CO and CH4. The global average atmospheric lifetime of CO is
predicted in our reference model run to be about 0.6 month longer than its present value (approximately 2 months).
The predicted emissions of CO increase only slightly over the next century, so the impact of CO emissions on the
predicted CO abundance appears to be less important than that of methane. Consequently, maintaining the emissions
of CH4 at their current levels can prevent significant future changes in tropospheric chemistry, while similar
controlling emissions of CO cannot achieve the same result.
This study also indicates that climate variations, especially those causing changes in H2O concentrations, can
influence atmospheric trends of carbon monoxide. A two-way interaction between chemistry and climate regarding
CO is evident. Specifically, the budget of atmospheric CO affects the destruction of methane and the production of
CO2, ozone, and sulfate aerosols and thus affects climate, while the resultant changes in climate modify the budget of
CO-CH4 in turn through their effects on H2O and temperature.
1. Introduction
In the troposphere, hydroxyl free radicals (OH) oxidize carbon monoxide (CO) to form
hydroperoxy radicals (HO2) [Levy, 1971]:
CO + OH fi  CO2 + H [R1]
H + O2 + M fi  HO2 + M [R2]
As indicated by Crutzen and Zimmermann [1991], in a NOx-rich (here NOx = NO + NO2)
environment, reactions following R1 and R2 produce ozone. Otherwise, reactions of ozone with
hydroperoxy radicals destroy the ozone. Either reaction chain is a CO sink, producing carbon
dioxide. The fast reaction R1 does not depend on temperature [DeMore et al., 1994]; it leads to a
global-average CO lifetime of two months in the current atmosphere, and is the most significant
OH-radical sink in the troposphere [e.g., Sze, 1977; Crutzen and Zimmermann, 1991]. Within the
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2atmosphere, the major CO source is oxidation of methane by OH, producing formaldehyde
(CH2O) and then carbon monoxide. This methane reaction, in combination with R1, consumes
most OH radicals in the troposphere. The tropospheric abundances of CO and CH4 thus become
important indices of the tropospheric oxidizing capacity, represented most specifically by the
concentrations of ozone and hydroxyl free radicals.
Analyses on observational and ice-core data indicate that the tropospheric concentration of CH4
has increased rapidly since the start of the industrial era [Rasmussen and Khalil, 1984; Khalil and
Rasmussen, 1987; Etheridge et al., 1992]. Current observations and model estimates suggest that
CO concentrations have also increased greatly from pre-industrial levels [e.g., Thompson and
Cicerone, 1986; Khalil and Rasmussen, 1990]. Increased anthropogenic emissions are believed to
be responsible for the growing atmospheric concentrations of CO and CH4, and could possibly
cause climate changes. Increased CO and CH4 emissions most likely also deplete hydroxyl radicals
in the troposphere (e.g., Sze, 1971; Thompson and Cicerone, 1986; Crutzen and Zimmermann,
1991; Wang and Prinn, 1998a], affecting atmospheric chemistry. Recent observations have shown
that CH4 and CO concentration increases slowed in the early 1990s [Novelli et al., 1994; Khalil
and Rasmussen, 1995]. While no convincing explanation for this phenomenon has been advanced,
possible reasons range from source reduction to changed hydroxyl-radical concentrations. Indeed,
besides purely atmospheric chemical processes, climatic variations such as disturbances in
temperature and H2O can also change the abundance of CO and CH4 [Klonecki and Levy, 1997;
Wang and Prinn, 1998a]. Obviously, the evolution of atmospheric CO involves interactions among
anthropogenic emissions, atmospheric chemistry, and climate.
In order to investigate these interactions and their influences on atmospheric composition and
climate, we have developed a coupled chemistry and climate model to comprehensively describe
climate dynamics and atmospheric chemical processes [Wang et al., 1998]. In this study, we
employed this model to study the long-term (100-year) evolution of atmospheric CO and CH4. We
first briefly describe the model and the designs of numerical experiments. The influence of
anthropogenic emissions on atmospheric CO and climate are then discussed based on the results of
these experiments. This is followed by a discussion of climate-chemistry interactions involving
atmospheric CO, and conclusions.
2. Model and Numerical Experiment Design
The coupled atmospheric chemistry and climate model of Wang et al. [1998] is used to predict
the future evolution of atmospheric carbon monoxide and to investigate the relative effects of
emissions, atmospheric chemistry, and climate on carbon monoxide concentrations. The model is
two-dimensional, with 24 latitude bands and nine pressure levels (two in the stratosphere, seven in
the troposphere), using time steps of 20 minutes for climate dynamics and transport of chemicals,
three hours for gaseous phase chemistry, and four hours for radiation. The chemistry model
contains 25 chemical species, including carbon dioxide, nitrous oxide, chlorofluorocarbons,
methane, carbon monoxide, ozone, NOx, HOx, sulfur dioxide, and sulfuric acid. Forty-one gas-
phase and 12 heterogeneous reactions are included in the model. These chemical processes, along
with emissions, dry and wet deposition, transport by winds, subgrid-scale mixing, and
convection, serve as local sinks or sources of various chemical species in the atmosphere. The
3climate model provides wind speeds, air pressure, temperature, precipitation, convection
parameters, and radiative fluxes at each model grid point and every time step for the chemistry
model. The predicted concentrations of carbon dioxide, nitrous oxide, chlorofluorocarbons,
methane, and sulfate aerosols from the chemical model are used in the climate model to calculate
atmospheric radiative fluxes.
Emissions of chemicals include emissions from both natural and anthropogenic sources. Here
we treat total annual natural emissions as constant with time. The annual natural emissions of CH4,
N2O, CO, NO (excluding lightning), and sulfur are 130 Tg (CH4), 9.1 Tg (N), 158.6 Tg (C),
10 Tg (N), and 12.8 Tg (S), respectively. Lightning-produced NO is assumed to be 5 Tg (N).
Anthropogenic emissions after 1985 are from predictions of the MIT Emission Prediction and
Policy Analysis (EPPA) model [see Prinn et al., 1998, and Yang et al., 1996].
All numerical experiments in this study involved integrations from 1977 to 2100, allowing
comparison of the earliest model predictions (1977–1995) with observational data. To illustrate a
range of plausible CO predictions involving differing assumptions about emissions, chemistry, and
climate, we conducted five experiments we chose in each case one of three assumptions regarding:
(a) anthropogenic emissions, (b) the aerosol radiative forcing intensity and speed of oceanic uptake
of heat and CO2, and (c) the climate model sensitivity to doubling CO2. Three labels, identifying
the assumptions we made regarding (a), (b), and (c) are used to designate each experiment. The
five runs are specifically labeled RRR, HRR, LRR, RHH, and RLL. “H” designates the high case,
“R” the reference, and “L” the low case, with the choice of the label determined by the effect of the
chosen assumptions on predicted surface temperature in 2100. For example, HRR is a run using a
high emission prediction, reference settings for the aerosol radiative forcing intensity and speed of
oceanic uptake, and reference settings for the climate model sensitivity.
Three sets of anthropogenic emission predictions from the EPPA model for CO2, CH4, N2O,
CO, NO, and SOx anthropogenic emissions are used. Combined with the assumed constant natural
emissions, total predicted CO emissions in the high, reference, and low cases are 894, 864, and
837 Tg C/yr in 2100, respectively with all cases starting from 709 Tg C/yr in 1977 (Figure 1). The
average increase rates are 0.19%/yr for the high-, 0.16%/yr for the reference-, and 0.14%/yr for
the low-emission predictions. The discontinuities in emissions in Figure 1 in 1985 and 2050 are
caused by the initiation of the EPPA predictions in 1985 and the assumed phase out of the
anthropogenic deforestation source of CO in 2050. Predicted anthropogenic emissions of other
species, especially methane, increased much faster than predicted emissions of CO [Wang and
Prinn, 1998b]. For example, average growth rates of methane emissions in the high, reference,
and low predictions are 0.65%/yr, 0.58%/yr, and 0.5%/yr, respectively. These differences are due
to predicted growth in CH4 emissions from urban waste, agriculture, and mining (coal, gas)
outstripping growth in the combustion-related (biomass, fossil fuel) sources of CO.
Besides these five experiments, we carried out two additional runs based on the reference run
RRR. In these two runs, designated RRR-CO and RRR-CH4, CO and methane emissions were
fixed at their 1990 levels for all later years. The goal of these runs was to investigate the influence
of CO emissions on predicted future concentrations of CO and related species, and on tropospheric
chemistry in general.
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Figure 1. Predicted annual emissions of CO in high (H), reference (R), and low (L) cases in units of
Pg C/year.
Comparisons between observational data for CO and CH4 from stations at different latitudes
and our modeled results showed that the model over-predicted somewhat surface CO and CH4 in
the tropics and the Southern Hemisphere, but simulated it reasonably well in the Northern
Hemisphere [Wang et al., 1998]. Overall, the model-simulated surface temporal trends of CO,
CH4, and other trace gases fairly approximate zonal-average observations, building some
confidence in the model’s usefulness for predictions of trends.
3. Impact of Emissions on Future Carbon Monoxide
Our coupled model predicted a global-average mole fraction of tropospheric carbon monoxide
in 2100 roughly double its present value. Different emission predictions cause clear differences
among runs using identical assumptions for the remaining two parameters (i.e., the chemistry and
climate model settings; see Figure 2a). For example, in the HRR run, the CO mole fraction reaches
198 ppb in the year 2100¾ respectively about 17 and 32 ppb higher than in the RRR and LRR runs
in 2100.
As a result of increasing CO and CH4 emissions and the resultant depletion of hydroxyl
radicals in the troposphere, the lifetime of carbon monoxide is predicted to lengthen significantly
beyond its present value by the year 2100 (Figure 2b). The three runs using different emissions
(HRR, RRR, and LRR) all predict a significant increase (0.6, 0.7, and 0.8 months respectively)
above the present CO lifetime of 2 months. Higher emissions of CO and CH4 naturally induce a
longer lifetime of CO (and obviously, of methane, as well) due to lower concentrations of
hydroxyl radicals. This is despite the fact that higher NOx emissions help to offset the predicted
reductions in OH radicals.
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Figure 2. Model predicted (a) tropospheric average mole fractions of CO in parts per billion (ppb)
and (b) atmospheric lifetime of CO in months. Results from the HRR, RRR, and LRR runs are shown
as functions of time.
Detailed analyses suggest that the total chemical losses of CO also increase with time
(Figure 3), despite the fact that predicted tropospheric concentrations of hydroxyl radicals in this
model decrease 23- 28% [Wang and Prinn, 1998a]. The differences of 80 Tg C/yr among chemical
losses of CO in 2100 predicted from runs HRR, RRR, and LRR are much larger than the
differences of 30 Tg C/yr among CO emissions used in these runs. This result is due to the fact
that the production of CO from CH4 (through formaldehyde) ¾ and therefore increasing methane
emissions¾ dominates the predicted growth of atmospheric carbon monoxide. The annual growth
rate (in percentage terms) of the CO mole fraction varied from lower than 1%/yr before the 1990s
to around 1%/yr between 1990 and 2020, then to below 1%/yr again thereafter (Figure 4). This
trend approximates well the trend derived from the predicted CH4 emissions used in our model. In
contrast, the relative growth rates of predicted CO emissions are too small (less than 0.2%/yr) to
explain the increase in CO mole fraction in the troposphere.
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Figure 3.  Model-predicted chemical losses of CO as functions of time. Data shown in the figure are
from the HRR, RRR, and LRR runs and are in Pg C/year.
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Figure 4. Growth rates of model predicted CO mole fractions, CO emissions, and CH4 emissions are
shown as functions of time in percent per year. Note that the time step in the EPPA model is 5 years
thus producing the small discontinuities in the emissions shown here.
Along with the change in lifetimes and abundance of CO and CH4 in the troposphere, a shift in
the proportion of total OH consumed from CO toward methane occurs. Figure 5 shows that
currently carbon monoxide consumes approximately 74% of hydroxyl radicals, while methane
consumes the remaining 26%. However, our model predicts that in the year 2100, the proportion of
hydroxyl radicals consumed by CO will fall to less than 69%, while that consumed by methane will
rise to greater than 30%. Note also that the chemical losses of both CO and CH4 through reactions
with OH increase with time in our model runs. Consequently, emissions of methane are predicted to
be more important factors for tropospheric chemistry in the year 2100 than they are currently.
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Figure 5. Ratios of chemical losses of CO, L(CO), and of CH4, L(CH4), as functions of time. Results
are from the HRR, RRR, and LRR runs.
7Based on the predicted CO emissions used in this study, the future tropospheric abundance of
CO will not differ significantly from its present level without a rapid increase in CH4 emissions.
This conclusion is supported by results of the RRR-CO and RRR-CH4 runs, where CO or CH4
emissions are fixed at 1990 levels for all years following 1990. Figure 6a shows tropospheric-
average mole fractions of CO predicted by the runs RRR-CH4, RRR, and RRR-CO. We find that
restricting CO emissions to 1990 levels can reduce the mole fraction of CO in 2100 to about 20 ppb
below the RRR prediction¾ a reduction much smaller, however, than the 74 ppb reduction
predicted by Run RRR-CH4, which is based on constant post-1990 CH4 emissions. In the RRR-
CH4 run, the predicted CO lifetime increases slightly after the 1990s, but eventually falls back to its
present value after the year 2080 (Figure 6b). The CO lifetime predicted for Run RRR-CO (which
has constant post-1990 CO emissions) closely approximates the reference run, RRR, in terms of
both trends and absolute values.
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Figure 6. The same as in Figure 2, except using results from the RRR-CH4, RRR, and RRR-CO runs.
4. Tropospheric CO and Climate
Different assumptions about the aerosol radiative forcing intensity, the speed of oceanic uptake
of CO2 and heat, and the sensitivity of the climate sub-model to doubled CO2, alter climate
predictions and thus atmospheric chemistry, as well. For example, predictions of H2O (water
vapor), a key species in atmospheric chemistry, differ among runs with different model
assumptions (Figure 7). As a result, hydroxyl radical concentrations in these runs also differ, as do
predicted mole fractions of CO (Figure 8a). A colder climate predicted in Run RLL leads to lower
H2O and, hence, lower OH concentrations, and favors higher CO mole fractions compared to the
other two runs. A colder climate also increases the CO lifetime more significantly (Figure 8b);
specifically to 2.8 months in the year 2100, or about double the increase (from the present lifetime
of 2 months) predicted in run RHH by the year 2100.
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Figure 7. Model predicted tropospheric mixing ratios of H2O (water vapor) in g/kg. Shown are
annual averaged values from the RHH, RRR, and RLL runs.
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Figure 8. The same as in Figure 2, except using results from the RHH, RRR, and RLL runs.
We find that the annual chemical loss rates of CO due to reactions with hydroxyl radicals
predicted in the RHH, RRR, and RLL runs are quite close to each other even though the OH
concentrations derived from these runs differ (Figure 9). It suggests that contributions to the
photochemical losses of CO attributable to changes in CO lifetime nearly offset those due to
changes in CO abundance. This is because the short lifetime ensures that emissions and loss are
always in near balance in all runs.
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Figure 9. The same as in Figure 3, except using results from the RHH, RRR, and RLL runs.
Besides its role in tropospheric chemistry, carbon monoxide is the only internal atmospheric
source of CO2. Figure 3 shows that CO2 production through the reaction of CO with OH is
currently about 1.1 Pg C/yr, which is about 20% of estimated total current CO2 emissions [IPCC,
1996]. It is well known that CO and methane emissions are not negligible factors even in today’s
carbon dioxide budget. However, our work indicates that the fraction of CO contributions to the
CO2 budget will become less significant as CO2 emissions reach much higher levels in the future.
CO2 emissions are predicted to be about 20 Pg C/yr in 2100 [IPCC, 1996; Prinn et al., 1998], so
that the contributions of carbon monoxide and methane emissions to CO2 would be less than 10%
of the total CO2 input to the atmosphere by the end of the next century.
Another possible indirect effect of CO on the climate results from its influence on the
tropospheric distribution of hydroxyl free radicals, and hence the oxidizing capacity of the
troposphere. Growing CO and CH4 emissions can reduce OH levels in the troposphere [Wang and
Prinn, 1998a] and hence the oxidation rate of methane and sulfur dioxide (the latter being a major
sources of atmospheric aerosols).
5. Summary and Discussion
We have illustrated possible trends for atmospheric carbon monoxide in the next 100 years
using our coupled atmospheric chemistry and climate model and three predictions from an
economic development model for anthropogenic emissions. Complicated interactions among
emissions, atmospheric chemistry, and climate impact the distribution and evolution of atmospheric
CO. Based on predicted emissions of methane and carbon monoxide, our model predicts an
increase in carbon monoxide over the next century, with the tropospheric mole fraction of CO in
2100 at double its present-day value. According to this study, methane emissions increase much
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more rapidly than CO emissions so that restricting CH4 emissions to current (1990) levels can
prevent CO doubling from happening while controlling CO emissions alone cannot.
Our model runs show that high methane emissions will significantly deplete tropospheric OH,
increase CO concentrations, and lengthen the lifetimes of many chemical species, including CO and
CH4. For example, the CO lifetime in 2100 that predicted by our high-emission run (HRR) is
about 2.8 months; currently, the CO lifetime is about 2 months or about 30% shorter. Emissions of
CO are predicted to increase only about 0.16%/yr over the next century (Figure 1), so the impact of
CO emissions on the CO abundance is less important than the impact of methane.
This study indicates that climate variations, especially those affecting H2O concentration, can
influence atmospheric CO trends. Most interestingly, the atmospheric CO budget, which is affected
by both CO and CH4 emissions, affects both the destruction of methane and production of CO2,
ozone, and sulfate aerosols, and hence affects climate. The resultant climate changes (temperature,
water vapor) can in turn modify the CO-CH4 budget. This offers a good example of how climate
dynamics and atmospheric chemistry can interact.
Because our model omits non-methane hydrocarbons (NMHC), we may have underestimated
CO and under- or overestimated hydroxyl radical concentrations (by excluding either ozone or H2O
production or OH removal by NMHC, respectively). On the other hand, zonal-averaged models
are typically biased to a NOx-poor atmosphere, so ozone production rates are possibly being
underestimated due to this effect. More research is needed to investigate these uncertainties.
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